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sented	 by	 a	 vector	 in	 ordination	 space,	 to	 predict	 time	 to	 recovery.	 Thus,	 the	
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species’	 identity	 into	account;	 (c)	 functional	 and	phylogenetic	diversity	
that	is	measures	for	which	species	may	be	functionally	redundant	of	one	
another;	and	 (d)	species	 (taxonomic)	composition.	While	their	 informa-
tion	content	increases	from	the	general	to	the	specific	metrics,	the	preci-
sion	of	predictions	that	can	be	made	from	them	is	expected	to	decrease	






















et	al.,	 2011;	 Sarmiento,	 Llambí,	 Escalona,	 &	Marquez,	 2003)	with	 the	
implicit	assumption	that	successions	are	linear,	namely,	that	the	rate	of	











































tional	 relationship	 between	 species	 composition	 at	 different	 time	





2  | THEORY: A NOVEL APPROACH TO 
PREDIC T TIME TO RECOVERY
Our	 approach—ordination	 regression-	based	 approach	 (ORBA)—to	
predict	 time	to	 recovery	consists	of	 the	 following	components:	 (a)	
availability	of	species	composition	data,	recorded	in	plots	that	were	
established	 after,	 or	 ideally	 prior	 to,	 disturbances,	 and	 that	 have	
been	 reanalysed	on	 later	 occasions;	 (b)	 an	 adequate	 reference	 for	
the	targeted	species	composition	(successful	restoration);	(c)	a	proxy	
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for	the	successional	gradient	obtained	by	ordination;	(d)	a	regression	
model	which	 relates	 “compositional	 distance”	 from	 restored	plots,	
analysed	at	a	given	 time	point,	 to	 the	 temporal	gradient;	and	 (e)	a	
predictor	 for	 time	 to	 recovery.	Here,	we	will	describe	 the	analytic	
methods	that	constitute	the	approach,	as	well	as	data	requirements.
2.1 | Input data




















The	 combined	 data	matrix	MQ,	with	n∙s + u	 recordings	 of	 the	
species	composition,	 is	 subjected	 to	ordination,	preferably	by	 two	
or	more	ordination	methods	 in	parallel,	 for	 identification	of	major	
gradients	in	species	composition.	The	ordination(s)	are	subsequently	
checked	 for	 artefacts	 and	 interpreted	 ecologically	 by	 standard	
methods	 (Økland,	 1990;	 van	 Son	&	Halvorsen,	 2014).	 Plot	 scores	
xi	along	an	 interpreted	ordination	axis	or	another	vector	 in	the	or-




2.2 | Regression time to recovery (TR)
For	 each	 restoration	 plot	×	time	 (RP	×	T)	 combination	 jt,	 the	 suc-








are	 obvious	 choices,	 and	 may	 be	 used	 with	 an	 untransformed	 or	
a	 logarithmically	 transformed	 response	 variable	 (Figure	1b).	 Two	
models	are	particularly	relevant:	(i)	The	linear	response	model	ML—
obtained	 as	 a	 linear	model	with	 untransformed	 response	 variable	




a	 linear	model	with	 logarithmically	 transformed	 response	 variable	
(Figure	1b).	 Predictions	 from	MA	 approach	 djt,0	=	0	 asymptotically.	
Temporal	 and	 spatial	pseudoreplication	due	 to	 repeated	 recording	
of	species	composition	in	permanent	plots	and	nested	sampling	can	
be	 accounted	 for	 by	 general	 linear	mixed-	effects	models	 (GLMM;	
Zuur,	Ieno,	Walker,	Saveliev,	&	Smith,	2009).




at	which	 restoration	 is	 regarded	 as	 successful.	 (b)	 The	 predictor	
TR	is	the	value	of	vt,	the	predicted	number	of	years	since	distur-
bance	which,	according	to	the	model	in	question,	corresponds	to	
djt,0.	 Threshold	values	may	be	defined	 in	 at	 least	 three	different	






quantiles.	With	 the	 exception	 that	 the	 zero	 threshold	 does	 not	
make	 sense	 for	 asymptotic	 models,	 predictors	 and	 models	 can	
be	 combined	 freely.	 The	 fixed	 successional	 distance	 is	most	 rel-
evant	 for	 the	 asymptotic	model,	 in	 particular	 for	 a	 low	 value	 of	
c	 for	comparison	with	 linear	models	using	djt,0	=	0.	We	therefore	
concentrate	on	 four	 combinations	of	model	 (L—linear	 and	A—as-
ymptotic)	and	predictor	(0—the	reference,	c—a	fixed	distance,	and	
s—a	statistical	 threshold)	which	will	be	referred	to	as	TRL0,	TRLs,	
and TRAc and TRAs,	respectively.	The	use	of	statistical	thresholds	
will	 facilitate	 cross-	system	 and	 cross-	study	 comparisons.	 One	
plausible	choice	of	statistical	criterion	is	+1	SD	off	the	centroid	of	




3  | WORKED E X AMPLE
3.1 | The dataset
To	exemplify	and	explore	the	proposed	approach,	we	used	a	data-
set	 that	 originates	 from	 an	 18	years	 experimental	 disturbance	
study	 in	 a	 boreal	 old-	growth	 forest	 in	 south-	eastern	 Norway	
(Rydgren,	 Økland,	 &	 Hestmark,	 2004).	 The	 dataset	 comprises	
records	 of	 the	 species	 composition	 of	 80	 permanently	 marked	
plots,	each	0.25	m2.	A	nested	sampling	design	was	used,	with	10	
(1)djt,0=x0−xjt
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to	 selective	 soil	 removal	 treatments,	T1	 (removal	 of	 vegetation),	
T2	(removal	of	vegetation	and	the	litter	layer),	T3	(removal	of	veg-
etation,	the	litter,	and	the	mor	soil	 layers),	T4	and	T5	(removal	of	
vegetation,	 organic,	 and	 bleached	 soil	 layers;	 with	 T4	 bordering	
intact	 vegetation	 on	 two	 sides,	whereas	 T5	 had	 a	minimum	dis-
tance	of	0.5	m	to	intact	vegetation).	Treatments	T1–T5	thus	made	
up	a	disturbance	severity	gradient	(Rydgren	et	al.,	2004).	Species’	
abundances	 were	 recorded	 as	 frequency	 in	 16	 equal-	sized	 sub-
plots.	 The	 combined	 boreal	 forest	 matrix	 MQb	 consisted	 of	 69	
taxa	 (20	vascular	plants,	44	bryophytes,	and	5	 lichens)	 recorded	
for	 1,031	 plot	×	time	 combinations	 (80	 plots	×	13	 time	 points;	
nine	treatment	plots	in	1994	were	devoid	of	species	and	omitted	
from	 further	 analyses).	 The	 boreal	 forest	 dataset	 exemplifies	 a	
near	ideal	dataset	for	restoration	studies:	relatively	rapid	recovery	






































(1)djt,0 = x0 − rt
d121,1,0 = 3.89 − 0.18
d121,2,0 = 3.89 − 1.75




























) (b) Linear model
Asymptotic model
Static reference
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the	successional	gradient	in	response	to	disturbance.	The	DCA	and	the	




We	modelled	 successional	 distance	djt,0	 as	 a	 function	 of	 years	
after	 disturbance	 vt	 using	 general	 linear	 mixed-	effects	 modelling	
(GLMM)	 implemented	 in	 the	 R	 packages	 lme4	 (Bates,	 Mächler,	






12,	 and	 18	years	 after	 disturbance,	 and	 calculated	 the	 difference	


















for	which	 ln(djt,0)	was	undefined,	they	were	not	 included	 in	the	as-
ymptotic	models.
We	modelled	temporal	and	spatial	stochasticity	in	species	com-
positional	 change	by	parameterising	 random	effects	 for	each	 time	
point	 and	block.	The	 random	block	effect	 applied	 to	 control	plots	






Restoration	 trajectories	 along	 the	 first	 ordination	 axes	 (Figure	2,	
Table	S2)	were	roughly	similar	for	all	treatments:	the	distance	to	the	
reference	 djt,0	 increased	 (for	 2	years	 with	 GNMDS	 and	 3–6	years	





ence.	 From	 the	 time	of	maximum	dissimilarity	with	 the	 reference,	
yearly	successional	rates	decreased	with	increasing	t	(Figure	2).
Eighteen	 years	 after	 disturbance,	 the	 two	 least	 severe	 treat-
ments	 (T1	 and	T2)	 had	 reached	 recovery	 according	 to	 the	 “+1	SD 
criterion,”	 that	 is	with	djt,0	 values	within	+1	SD	off	 the	centroid	of	
reference	plot	along	the	successional	gradient	(Figure	3).












are	shown.	Successive	years	for	the	same	treatment	are	connected	by	broken	lines	except	for	the	two	last	years	of	observation	(t = 12 and 
t	=	18),	which	are	connected	by	solid	lines	ending	with	an	arrow





































































time	 to	 recovery.	 Comparison	 of	 DCA-	based	 and	 GNMDS-	based	
predictions	 indicated	 that	 the	 former	 gave	 equal	 or	 higher	 values	
than	the	 latter	 (Figure	3;	Figure	S1).	For	the	asymptotic	MA	models,	




Our	 results	 suggest	 the	 compositional	 change	over	 time	 is	 a	 non-
linear	 process	 as	 successional	 rates	 gradually	 decrease	 over	 time	
(Foster	&	 Tilman,	 2000;	 Lepš,	 1987;	Myster	&	 Pickett,	 1994).	We	
show	that	 such	nonlinearity	can	be	described	precisely	as	a	 linear	

















































































































































ML MA ML MA
T1 0.44 0.03 0.18 −0.04
T2 0.59 0.12 0.54 0.00
T3 −0.10 −0.24 0.72 0.06
T4 0.09 −0.07 0.58 0.02
T5 −0.05 −0.10 0.65 0.04
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5.1 | The functional relationship of succession 
models and time- to- recovery predictors
Our	 worked	 example	 shows	 that	 successful	 predictions	 of	 time	






this	 functional	 relationship	 may	 apply	 to	 successions	 after	 dis-
turbance	more	generally.	Until	 general	validity	of	 this	 functional	
relationship	 is	proven,	a	priori	 specification	of	models	 for	use	 in	
time-	to-	recovery	prediction	should	be	informed	by	knowledge	of	
the	studied	system	and	expert	judgements.
When	 the	 datasets	 include	 just	 two	 time	 points	 only	 a	 linear	
function	 is	 possible	 to	 fit	 (Rydgren	 et	al.,	 2011).	 However,	 when	
successional	rates	decrease	over	time,	as	typically	found	in	primary	






least	 three	 temporal	 recordings.	An	additional	danger	of	obtaining	
mis-	specified	models	from	sparse	data	appears	when	compositional	
dissimilarity	 from	 the	 restoration	 target	 increase	 shortly	 after	dis-





Another	prerequisite	 for	using	 the	proposed	approach	 (ORBA)	 for	
time-	to-	recovery	prediction	 is	 that	 the	 imprint	of	 the	successional	
gradient	 on	 the	 species	 composition	 is	 strong	 enough	 to	 be	 rec-
ognised	as	a	vector	 in	ordination	space.	This	requirement	was	sat-
isfied	 in	 our	 example	 dataset,	 and	 likely	 also	 in	 other	 restoration	
projects	where	 disturbances	 have	 been	 severe.	Typically,	 a	 strong	
successional	 gradient	 emerges	 as	 the	 main	 axis	when	 postdistur-
bance	revegetation	data	after	severe	disturbance	are	subjected	 to	
ordination	 (Alday,	 Marrs,	 &	 Martínez-	Ruiz,	 2011;	 Fagan,	 Pywell,	
Bullock,	&	Marrs,	2008;	Matthews	&	Spyreas,	2010).	In	cases	where	
the	 successional	 gradient	 appears	 on	 several	 ordination	 axes	 (i.e.,	
as	a	vector	that	does	not	run	parallel	with	one	ordination	axis),	the	
vector	of	best	 fit	 to	 the	 time-	after-	disturbance	variable	 should	be	
used	 to	 estimate	 successional	 distance	 (see	Rydgren	 et	al.,	 2014).	
As	the	asymptotic	approach	handles	decreasing	successional	rates	
over	 time,	 the	 modelled	 succession	 levels	 off	 and	 asymptotically	
approaches	 a	 limit,	 which	 is	 in	 accordance	 with	 assumptions	 of	
convergent	 succession.	 In	 the	 linear	 approach,	 the	modelled	 suc-
cession	principally	 goes	on	 forever,	which	 is	why	we	consider	 the	
linear	model	as	a	generally	inappropriate	descriptor	of	the	recovery	
process.	This	parallels	the	use	of	linear	species	response	models	for	
extraction	 of	 compositional	 gradients	 in	 ordination,	which	 results	
in	 spurious	 ordination	 axes	 (Økland,	 1990).	We	 therefore	 caution	
against	uncritical	use	of	 linear	models	 for	ecological	data	 that	de-
scribe	 single	 species’	 or	 species	 compositional	 responses	 to	 envi-
ronmental	gradients.
5.2 | Choice of reference for the restoration target
Selection	 of	 a	 suitable	 reference	 is	 crucial	 in	 time-	to-	recovery	
prediction	 from	 species	 compositional	 data,	 as	 in	 all	 restoration	
projects.	 Optimally	 designed	 field	 experiments	 provide	 suitable	
candidates	 for	 the	 reference,	preferably	 the	 species	compositions	
of	control	plots	or	predisturbance	plots.	If	control	plots	show	small	
compositional	 change	 during	 the	 experiment	 (as	 in	 our	 example	
data),	predisturbance	restoration	plots	represent	an	optimal	choice	
of	reference.	When	reference	plots	are	located	in	exactly	the	same	
positions	 as	 restoration	 plots,	 effects	 of	 local	 environmental	 fac-
tors	 are	 efficiently	 ruled	 out.	 If,	 however,	 control	 plots	 undergo	















the	 successional	 process	 into	 account.	Moreover,	we	 recommend	
using	 a	 dynamic	 reference	 (Hiers,	 Jackson,	 Hobbs,	 Bernhardt,	 &	
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&	 Aronson,	 2013),	 will	 be	 a	 boon	 to	 restoration	 ecology	 (Urban,	
2006).	Species	composition	data	may	appear	variable	and	less	pre-









and	 propose	 knowledge-	based	management	 recommendations	 on,	
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